Introduction
Nowadays, SiC and GaN power chips are commonly used as the next-generation power devices. These power devices rely on bonds like chip/Cu substrate from die bonding, which has historically used Sn-based lead-free solder. However, because these power chips are often used at temperatures higher than the operating temperature of Si, new heat-resisting bond materials and bonding processes are needed. Sintering of nanoAg particles and solid-liquid reaction-diffusion bonding, as well as high-temperature solder like Sn-Sb have been developed.
1)-3)
Although sintered nano-Ag bonds demonstrate superior bond strength and electrical properties, they have low resistance to ion migration and are expensive to manufacture. On the other hand, intermetallic compounds (IMCs), such as a Cu 3 Sn bond layer with superior heat and ion-migration resistance, can be produced when an Sn interlayer is used to bond Cu by solid-liquid reactiondiffusion bonding. The authors reported that Cu bonds to itself using a vapor-deposited Sn film, resulting in the formation of a thin Cu 3 Sn bond layer several μm in thickness. 4) Since the thermal conductivity of Cu 3 Sn is larger than that of Sn-Ag-Cu solder and the thickness of a Cu 3 Sn bond layer is much thinner than that of solder bond, the cooling performance in power devices using a thin Cu 3 Sn die-bond would be much better than that of solder bond. In some cases, however, defects form in the bond layer, such as pores and Kirkendall voids.
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When solid Cu reacts with liquid Sn, Cu 6 Sn 5 begins forming at the initial stage, and Cu 3 Sn forms between Cu 6 Sn 5 and Cu, successively. Kirkendall voids form near Cu-to-Cu 3 Sn interfaces because the diffusivity of Cu in Cu 3 Sn is larger than that of Sn.
The authors have reported that these voids can be reduced by the addition of a small amount of Zn into the Sn interlayer. 8) On the other hand, relatively large pores were formed due to the inhomogeneous growth of Cu 6 Sn 5 , taking a scallop shape and/ or the consumption of liquid Sn in the initial reactions between Sn(S) and Cu(S), and between Sn(L) and Cu(S). 6),7) When the IMC bond layer is thin on the order of several μm, these large pores might prove to be fatal defects in a die-bond. These defects were affected by the behavior of IMC growth and the consumption of the initial Sn phase. Consumption of the Sn phase due to the solid-state reaction with Cu(S) during the elevated temperature process from room temperature to the melting point of Sn must be precisely controlled to obtain sound bonds.
In the present study, Cu-to-Cu bonding was carried out using vapor-deposited Sn and electroplated Sn film interlayers. The mechanism of defect formation in the early stage of reaction between Sn(L) and Cu(S) was investigated. Solid-liquid reaction-diffusion bonding using tin film was applied to bond copper, which is a candidate for the die-bond process used in assembling next-generation power devices. Sn-Cu intermetallic compounds formed and grew even during temperatures reaching the melting point of Sn. Eventually, a sound bond layer that was composed of Cu 3 Sn with some small voids was obtained after complete reaction-diffusion. When the Sn phase remained in the bond layer due to insufficient reaction-diffusion, relatively large defects formed there. Spherical defects also formed in the bond layer when the electroplated Sn film was used as an interlayer, owing to the large amount of gas generated from the film. with energy-dispersive X-ray spectroscopy (EDX). Each IMC phase was identified by using semi-quantitative analysis of EDX.
The bond layer was also observed using electron back-scatter diffraction (EBSP) analysis. The specimens for SEM observation were prepared by mechanical polishing and a cross-section polisher.
Results

Cu-to-Cu bonding
Vapor deposited Sn film interlayer
The microstructural developments of bond layers using a vapor-deposited Sn film interlayer were shown in Fig.2 , using a heating rate of 50 K/s. As reported in previous works bond layer is a defect. Fig.4 shows the microstructural developments of the bond layer using an electroplated Sn film interlayer using a heating rate of 50 K/s. As described in the previous section, the phase transformation of the bond layer was like that observed when using a vapor-deposited Sn film; that is, Cu 6 Sn 5 formed first and successively formed Cu 3 Sn, and finally Cu 3 Sn fully occupied the bond layer due to reaction-diffusion. The defects were also observed in the remaining Sn phase. It is noted that their morphology demonstrated a spherical shape different from the defects observed in the bond using vapor-deposited Sn film as shown in Fig.2(a) . Moreover, they remained even at higher temperatures and with longer bond times.
Electroplated Sn film interlayer
Microstructural development in Sn films
Defects formed in the bond layers at the initial stage of solidliquid reaction-diffusion bonding of Cu using two kinds of Sn films coated during the vapor-deposition and electroplating processes. However, the morphology of defects differed depending on the kind of Sn films used. The Cu plates coated with the vapor-deposited Sn film and the electroplated Sn film were then heat-treated to simulate the bonding process to investigate the formation of those defects. Although Cu 6 Sn 5 phase grew up, Sn still remained, which must be necessary to achieve sufficient contact between the faying surfaces in case of bonding.
In the case of vapor-deposited Sn film, tiny voids remained in Cu 6 Sn 5 near the interface even after the heating process. However, any defects were not observed in the remained Sn phase (Fig.5(b) ), that is different microstructural development from the bond layer as shown in Fig.2(e) . One of the reasons why significant defects formed in the remained Sn phase in the bond layer might be volume shrinkage from liquid to solid during the cooling process. In the case of heat-treatment of electroplated-Sn film, spherical defects were observed in the remaining Sn phase ( Fig.5(d) ).
These defects, like pores, were similar to those observed in the bond layer using electroplated-Sn film (Fig.4(b) ). They might form due to some kinds of gases from the electroplated-Sn film. Therefore, evolved gas analysis (EGA) was carried out to detect gas evolution from Cu plates with vapor-deposited and as shown in Fig.2(a) and (e) will form in the remained Sn phase as defects. In order to avoid forming such pores, the Sn phase must be consumed to form intermetallic compounds during the bonding process, including the elevated temperature process.
However, the liquid Sn phase is necessary to obtain sufficient contact for both faying surfaces for sound bonds. Otherwise, defects could form the center of bond layer due to the lack of contact of faying surfaces. Bosco et al. reported that the growth of Cu 6 Sn 5 with scallop shape related significantly to the formation of defects. 6) Thus, the amount of Sn below and above the melting point of Sn should be chosen precisely, especially when a thin film Sn interlayer is used for bonding as in this study, and the growth of intermetallic compounds of Cu 6 Sn 5 and Cu 3 Sn through the diffusion reaction in the solid state between Cu and Sn must not be negligible, even in the elevated temperature process from room temperature (300 K) to the melting point of Sn that is lower than the bonding temperature. In the present study, a relative-high heating rate of 50 K/s was applied for the bonding by using the die-bonder. Then, kinetics of the Cu-Sn reaction-diffusion under a high heating rate is discussed below to optimize the bonding process using a thin Sn film interlayer.
In general, Cu 6 Sn 5 forms at the Sn/Cu interface according to reaction-controlled formation at the initial stage, and following this, it demonstrates diffusion-controlled growth. Since a tiny amount of Cu 6 Sn 5 was observed at the Cu/Sn interface by the vapor-deposition process ( Fig.5(a) ), it is assumed that Cu 6 Sn 5
and Cu 3 Sn shows diffusion-controlled growth during the elevated temperature process. Many studies on activation energy of growth of Cu-Sn intermetallic compounds have been reported. 10)-12) In the present study, ref. [10] was cited to estimate the growth rate of (Cu 3 Sn+Cu 6 Sn 5 ) during the elevated temperature process. In ref.
[10], Cu 3 Sn and Cu 6 Sn 5 grew in accordance with the parabolic rule, respectively; apparent activation energy, Q, and constant, k 0 , in eq. (1) and (2) are listed in Table 1 : In order to estimate the amount of Sn used during the elevated temperature process, the growth rate of whole thickness of intermetallic compounds of (Cu 3 Sn+Cu 6 Sn 5 ) were estimated. Then the reaction rate constants of (Cu 3 Sn+Cu 6 Sn 5 ) were calculated in accordance with those of each phase at various temperatures reported in [10] , and they were plotted as a function of T -1 as shown in Fig.9 . The apparent activation energy of 51.0 kJ/mol and constant k 0 of 2.4x10 -10 m 2 /s for total growth of intermetallic compounds were calculated from Fig.9 . When they were substituted in eqs. (1) and (2), the time-temperature-transformation (TTT) diagram that illustrates growth behavior of (Cu 3 Sn+Cu 6 Sn 5 )
was obtained as shown in Fig.10 .
As shown in Fig.8 , intermetallic compounds grow even during the elevated temperature process. Estimation of their thickness, i.e., the amount of Sn phase at the melting point of Sn is very important to obtain a sound bond layer. Since the elevated temperature process is not isothermal, the thickness of an intermetallic compound layer cannot be estimated directly from the TTT diagram (Fig.10) . The additivity rule is applied to 90.4 Fig.9 Plots of k vs annealing temperature for total intermetallic compound layers (Cu 6 Sn 5 and Cu 3 Sn) based on reference [10] . temperature profile must be necessary, especially for the reactiondiffusion bonding using a thin interlayer.
Summary
Cu was bonded using the solid-liquid reaction-diffusion process using a thin Sn interlayer. The mechanism of defect formation wherein defects formed in the early stage of the process was investigated. The kinetics of Cu-Sn binary system during the elevated temperature process that would affect formation of defects was also discussed. The following results were obtained:
1) In the early stage, Sn, Cu 6 Sn 5 , and Cu 3 Sn phases co-existed in the bond layer. Defects formed in the remaining Sn phase.
Cu 3 Sn with a small equiaxial grain size occupied the bond layer completely after a proper reaction-diffusion process.
Kirkendall voids remained near the interface between Cu and intermetallic compounds.
2) The morphology of defects formed in the electroplated Sn film demonstrated spherical shapes like pores different from that of the defects that formed in the vapor-deposited Sn film. A lot of H 2 O was generated from electroplated Sn film, which caused formation of spherical pores. 
